The response surface modeling of the pretilt angle control using in situ photoalignment with oblique UV exposure on a plastic substrate is investigated. The pretilt angle is the main factor that determines the alignment of the liquid crystal display. The response surface model is used to analyze the variation of the pretilt angle under various process conditions. The heating temperature and UV exposure time are considered as input factors. The liquid crystal pretilt angle increased with increasing heating temperature and UV exposure time. The analysis of variance technique is used to analyze the statistical significance, and effect plots are also investigated to examine the relationships between the process parameters and the response. The model can allow us to reliably predict the pretilt angle with respect to the varying process conditions.
Introduction
Flexible displays based on polymer substrates for liquid crystal displays (LCDs) have several advantages compared with displays using glass substrates. [1] [2] [3] [4] Presently, most flexible LCDs with a pretilted homogeneous liquid crystal (LC) alignment are prepared using rubbed polyimide (PI) surfaces. [5] [6] [7] However, rubbing causes electrostatic charges and dust. Thus, a rubbing-free method for LC alignment is required for the fabrication of LCDs. [8] [9] [10] [11] In situ photoalignment produces a high-thermal-stability LC alignment. Most recently, the LC alignment and pretilt angle generation using the in situ photoalignment on a PI surface for homogeneous alignment have been reported. 12, 13) However, very few attempts have been made to statistically model the pretilt angle using photoalignment. Statistical modeling will allow us to reliably predict the pretilt angle with respect to the varying process conditions. Therefore, the statistical modeling of the pretilt angle control will be very useful. The methodology of characterizing the process using the response surface model has been applied to various fields. May et al. used it to design plasma etch modeling experiments. 14) Garling and Woods applied the analysis of variance (ANOVA) technique to wafer processing. 15) Hu et al. optimized the hydrogen evolution activity on a zinc-nickel deposition using a statistical methodology. 16) In this study, the pretilt angle control in the nematic liquid crystal (NLC) on the photopolymer surface is characterized by the response surface model. The input factors were explored via full factorial design with three heating temperatures and four UV exposure times. The relationships between the response and the input factors are statistically analyzed using ANOVA and effect plots.
Experiments
The plastic substrates are prepared at room temperature (22 C). Figure 1 shows the chemical structure of the photopolymer used in this study with CH 3 moiety. The photopolymer is used as a homogeneous alignment layer and is coated uniformly on the indium-tin-oxide (ITO) electrodes by a spin-coating machine. The thickness of the PI layer is set at 500 Å . The polymer surfaces are exposed to oblique UV, and the energy density of UV used is 15.5 mW/ cm 2 . The UV exposure system is shown in Fig. 2 . The UV source is a 500 W Xe lamp. The polymers are exposed to obliquely polarized UV during imidization at 50 -150 C. We use three heating temperatures and four UV exposure times to generate different pretilt angles. A sandwich type cell is fabricated, and the thickness of the cell is 60 Å . After fabricating the cell, the NLC (T C ¼ 72 C, Á" ¼ 8:2, from Merck) is injected to the isotropic phase. LC cells are cooled to room temperature. The crystal rotation method is used to measure the pretilt angle with a TBA-701 made by AutronicMelchers.
Modeling Scheme
Two input factors, the heating temperature and UV exposure time, are used to analyze the variation of the pretilt angle. All experimental runs are made in random order. The experimental design matrix of the input factors used in each run is shown in Table I. A quadratic model is used as the basic model. The quadratic model, having an intercept, two main effects, two square effects, and one two-factor interaction, is defined as
where Y is the response value, i are the model coefficients, and X i are the process factor values.
To build the process model, the insignificant effects in this study are eliminated by backward elimination method under the statistical significance level of 0.1 ( ¼ 0:1). The backward elimination starts with the equation in which all effects are included and the insignificant effects in the model are eliminated one at a time. At any step, the variable with the largest p-value, as computed from the current regression, is eliminated if this p-value exceeds a specified value.
17)
The analysis of variance of the response is summarized in Table II . The p-value of the model is 0.000. This indicates that the model can explain the variation of the pretilt angle. The adjusted R-square value is 0.988. This means that 98.8% of the variation is explained by the model.
The regression model for the pretilt angle is
where Y is the pretilt angle, time is the UV exposure time and temp is the heating temperature.
There are three assumptions made in using ANOVA, which are independence, a normally distribution, and the homogeneity of variance. The first assumption is that the groups are mutually independent. The second assumption is that the values in each group of the design are normally distributed. The last assumption is that the variances in each of the groups are equal. These assumptions can be verified using residual analysis. The residual plot is shown in Fig. 3 . The residual plot of the response is randomly distributed and there are no special patterns or features, indicating that the result satisfies the statistical assumptions for the residuals.
The modeling result exhibits a good agreement between the predicted and the measured response values, as shown in Fig. 4 . Figure 5 shows the microphotographs of the aligned NLC using photoalignment with oblique UV exposure at 45 on the PI surface. A large disclination of NLC is observed by conventional photoalignment without heating. We consider that the disclination of NLC is attributed to reverse tilt, producing a low pretilt angle. However, a regular alignment is obtained using in situ photoalignment. It is considered that the improved aligning capability of NLC is attributed to the high temperature of the plastic substrate. These results on the plastic substrate show that heating the PI surface can promote photoalignment. Therefore, we suggest that in situ UV exposure contributes to the high pretilt angle of NLC on the plastic substrate. The effect plots of the response are shown in Fig. 6 . When the heating temperature factor is fixed at the middle point, the effect of the UV exposure time on the pretilt angle is shown on the left. When the UV exposure time factor is fixed at the middle point, the effect of the heating temperature on the pretilt angle is shown on the right. The effect plots show that the pretilt angle is increased when the UV exposure time or the heating temperature is increased.
Results and Discussion
The response surface plot of the pretilt angle as a function of the UV exposure time and the heating temperature is shown in Fig. 7 . The smallest pretilt angle is generated applying the shortest UV exposure time and the lowest heating temperature on the PI surfaces. Similarly, the largest pretilt angle is generated by applying the longest UV exposure time and the highest heating temperature on the PI surface. As a consequence, this is very informative for the control of the pretilt angle. The response surface plot of the pretilt angle can provide the conditions for setting the desired pretilt angle.
Conclusions
The control of the pretilt angle in NLC on a photopolymer surface as a function of the heating temperature and UV exposure time is investigated via response surface modeling. The statistically significant factors are determined by ANOVA and these factors are compared with those of the varying process conditions, and are analyzed using effect plots. The response surface modeling is in agreement with the experimental data and represents a comprehensive characterization of the pretilt angle. In situ photoalignment provides a better LC aligning capability than conventional photoalignment without heating. It is considered that the heating temperature of the substrate must be taken into account to generate the pretilt angle. Also, the LC pretilt angle increased with increasing heating temperature and UV exposure time.
From the results, the model allows us to reliably predict the pretilt angle with respect to the varying process conditions. As a result, the statistical modeling of the control of the pretilt angle is very useful. 
